During metastasis, malignant cells escape the primary tumor, intravasate lymphatic vessels, and reach draining sentinel lymph nodes before they colonize distant organs via the blood circulation. Although lymph node metastasis in cancer patients correlates with poor prognosis, evidence is lacking as to whether and how tumor cells enter the bloodstream via lymph nodes. To investigate this question, we delivered carcinoma cells into the lymph nodes of mice by microinfusing the cells into afferent lymphatic vessels. We found that tumor cells rapidly infiltrated the lymph node parenchyma, invaded blood vessels, and seeded lung metastases without involvement of the thoracic duct. These results suggest that the lymph node blood vessels can serve as an exit route for systemic dissemination of cancer cells in experimental mouse models. Whether this form of tumor cell spreading occurs in cancer patients remains to be determined. L ymph nodes (LNs) are central trafficking hubs for recirculating immune cells (1). Conceivably, tumor cells could use this gateway function of LNs for metastatic colonization of peripheral organs (2). Although this route of tumor dissemination is supported by correlative evidence from mouse models (3-5) and patients (6-17), a causal link between LN colonization (18-21) and peripheral metastasis has not been established (22) . A scenario in which LNs act as gateways to systemic dissemination raises the question of whether tumor cells reach the blood circulation via efferent lymphatic vessels, via LNs of higher echelons and the thoracic duct, or directly via the LN blood vasculature.
L ymph nodes (LNs) are central trafficking hubs for recirculating immune cells (1) . Conceivably, tumor cells could use this gateway function of LNs for metastatic colonization of peripheral organs (2) . Although this route of tumor dissemination is supported by correlative evidence from mouse models (3) (4) (5) and patients (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , a causal link between LN colonization (18) (19) (20) (21) and peripheral metastasis has not been established (22) . A scenario in which LNs act as gateways to systemic dissemination raises the question of whether tumor cells reach the blood circulation via efferent lymphatic vessels, via LNs of higher echelons and the thoracic duct, or directly via the LN blood vasculature.
To investigate this question, we used intralymphatic microinfusion (23) to directly deposit defined numbers of murine 4T1 mammary carcinoma cells into the subcapsular sinus of popliteal LNs of mice (fig. S1A). These experimental LN metastases (ELMs) allow precise analysis of the earliest steps in the development of LN and successive pulmonary metastases in the absence of a primary tumor. Microinfusion was carefully adjusted to preserve the delicate microarchitecture of the LN. It did not affect the physiological solute filter function of the LN stromal backbone ( fig. S1 , B and C), and it did not alter the conventional migratory paths of infused leukocytes ( fig.  S6 , B and C) (1) . Infused particles did not leak into the downstream medial iliac LN or into the lung (fig. S1, D and E).
LNs harvested immediately after intralymphatic infusion with 4T1 tumor cells revealed that these cells initially accumulated in the subcapsular sinus (Fig. 1A and fig. S1F ). Within 1 day, tumor cells crossed the floor of the subcapsular sinus, and during the following 3 days, they progressed along the LN stromal network toward the center of the LN (Fig. 1 and fig. S1G ). A comparison with tumor-bearing sentinel LN samples from human breast cancer patients ( fig. S1H) shows that the histological picture of ELMs closely resembles human pathology. Invasiveness of mammary carcinoma has been linked to the expression of basal cell marker molecules (24) , such as p63 and cytokeratin 14 (CK14). Because tumor cells arriving in the avascular subcapsular sinus need rapid access to the parenchymal blood supply for survival, we hypothesized that upon intralymphatic infusion the tumor cells would show early up-regulation of invasion markers. Indeed, 2 days after infusion, CK14 expression in the 4T1 tumor cells was substantially increased in comparison with expression in orthotopically injected or cultured 4T1 cells ( fig. S1, I and J). At 3 days after infusion, when tumor cells had infiltrated the deep LN parenchyma, the average CK14 levels had renormalized and the remaining CK14-expressing cells preferentially localized to the invasive margins of the ELM (fig. S1, K and L). Together, these data indicate that ELMs are a valid model of LN metastasis.
Invading 4T1 tumor cells were found in close proximity and in direct contact with blood vessels 2 days after infusion ( Fig. 2A and movie S1 ). On day 3, the cells had wrapped around (movie S2) and intravasated (Fig. 2, B to D, and fig. S2 , A to C) the blood vessel lumen. This association between tumor cells and blood vessels was not due to local induction of angiogenesis, as we found similar vessel densities within and outside infiltrated areas ( fig. S2D ). The LN blood vasculature is characterized by special postcapillary segments termed "high endothelial venules" (HEVs), which serve as entry ports for incoming lymphocytes (1) . Twoand three-dimensional morphometrical analyses of ELM specimens showed that upon their progression toward the LN center, tumor cells gradually became associated with HEVs and frequently localized in their lumen ( S4C ). Bioluminescence imaging of isolated lungs (Fig. 3B and fig. S4D ) showed luciferase-expressing multifocal metastases 11 and 21 days after intralymphatic infusion with 4T1 tumor cells, and microscopic examination revealed tumor cell clusters as early as 6 and 11 days after infusion ( fig. S4, E and F ). These data demonstrate that ELMs rapidly disseminate to peripheral tissues.
To determine the earliest time point at which tumor cells colonized the lungs, we intralymphatically infused luciferase + mCherry + 4T1 cells into LNs and removed the LNs after 2 or 3 days (Fig.  3C and fig. S4G ). The 2-day versus 3-day treatment groups were examined 11 days after infusion. In the 3-day cohort, 33.3% of the mice displayed lung metastases, whereas none were detected in the 2-day cohort (Fig. 3D and fig. S4H ). These results supported our finding that tumor cells invaded LN blood vessels 3 days after intralymphatic infusion (Fig. 2, B to E, and fig. S2 , A to F). Accordingly, using flow cytometry (FC), we detected circulating tumor cells in the blood as early as 3 days after intralymphatic infusion with fluorescent 4T1 cells (Fig. 3, E and F) .
These results were at odds with the conventional view that tumor spreading from LNs occurs via passage through efferent lymphatic vessels, LNs of higher echelons, the thoracic duct, and the subclavian vein (25) . Hence, we used quantitative FC to determine the tumor cell seeding kinetics of mCherry + 4T1 ELMs into lungs versus into medial iliac LNs, which drain the ELM-bearing popliteal LN (Fig. 3G and fig. S5 , A to C). We found that tumor cell numbers in medial iliac LNs did not predict lung metastatic burden ( fig. S5C) . At 3 days after infusion, when metastatic tumor cells were detected in the lungs of 80% of all infused mice, medial iliac LNs were invariably free of tumor cells. All medial iliac of the mice, whereas only 17% of mice showed evidence of tumor cells in medial iliac LNs. Together, these results indicate that early peripheral dissemination of ELMs is unlikely to occur via efferent lymphatics. To experimentally prevent passage via the efferent lymphatics, we surgically ligated the efferent lymphatic vessel before intralymphatic infusion with mCherry + luciferase + 4T1 tumor cells (fig. S6D ). Complete blockade of the efferent lymphatic vessel was confirmed by the inability of an intralymphatically injected dye to reach the downstream medial iliac LN ( fig. S6A ), as well as the inability of intralymphatically injected T cells to recirculate into the spleen ( fig.  S6 , B and C). We found that lymphatic ligation did not compromise the ability of 4T1 tumor cells to seed lung metastasis within 3 days after infusion ( fig. S6, E and F) . On the basis of these results, we conclude that in our experimental mouse model, LN blood vessels are a gateway for the early transit of nodal tumor cells into the systemic circulation.
Our experimental setup establishes the contribution of an ELM to peripheral metastasis in the absence of a primary tumor. However, there is substantial evidence that the metastatic process is preceded by adaptations both within the tumor and within the host microenvironment (8, 9, 20, 22, 26) , which are both bypassed in the ELM model. To model the premetastatic conditions in the host, we implanted mice with a peripheral tumor by inoculating unlabeled 4T1 tumor cells into the lateral tarsal zone above the ankle (fig. S7A) fig. S7F ). Under these conditions, 83.3% of infused animals developed lung metastases, and this was again independent of the thoracic duct passage (fig. S7, G and H) . Collectively, these results demonstrate that the direct metastatic dissemination via the LN blood vasculature is not artificially induced by intralymphatic injection of naïve tumor cells into unprimed LN environments.
We have established a mouse model of sentinel LN metastasis that allows the analysis of early metastatic pathways via the LN. We discovered that early tumor cell attachment to and invasion into the LN blood vasculature coincided with the appearance of circulating tumor cells and the successful metastatic colonization of the lung. Our experimental model revealed that LN blood vessels are effective gateways from lymphatics into the systemic circulation and that this pathway may be more efficient than direct metastatic dissemination from the primary tumor ( fig. S8) . Our data are similar to results obtained independently by Pereira et al. using different methodologies with mouse models (29) . Though our investigations in a reductionist mouse model support the view that LNs are active hubs for systemic tumor cell spreading, future clinical and experimental studies are required to determine whether these findings are relevant to human cancer.
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